Clinical trials have been conducted for the neuronal ceroid lipofuscinoses (NCLs), a group of neurodegenerative lysosomal diseases that primarily affect children. Whereas clinical rating systems will evaluate longterm efficacy, biomarkers to measure short-term response to treatment would be extremely valuable. To identify candidate biomarkers, we analyzed autopsy brain and matching CSF samples from controls and three genetically distinct NCLs due to deficiencies in palmitoyl protein thioesterase 1 (CLN1 disease), tripeptidyl peptidase 1 (CLN2 disease), and CLN3 protein (CLN3 disease). Proteomic and biochemical methods were used to analyze lysosomal proteins, and, in general, we find that changes in protein expression compared with control were most similar between CLN2 disease and CLN3 disease. This is consistent with previous observations of biochemical similarities between these diseases. We also conducted unbiased proteomic analyses of CSF and brain using isobaric labeling/quantitative mass spectrometry. Significant alterations in protein expression were identified in each NCL, including reduced STXBP1 in CLN1 disease brain. Given the confounding variable of post-mortem changes, additional validation is required, but this study provides a useful starting set of candidate NCL biomarkers for further evaluation. a Note that sample HSB# 3616 was originally listed as CLN2 based on clinical criteria, but enzyme, proteomic, and genetic analyses all indicated a PPT1 deficiency. This case therefore represents CLN1. Brain samples were available for all cases, and CSF was available for all except those indicated by † . Note that survival of CLN1 patients was longer than typically expected (mean survival ∼10 years) due to the presence of hypomorphic mutations T75P and G250 V.
■ INTRODUCTION
The neuronal ceroid lipofuscinoses (NCLs) are a group of lysosomal storage diseases (LSDs) with a common distinguishing clinical hallmark, the accumulation of the autofluorescent storage material lipofuscin within neurons and other cells of affected individuals. 1 The clinical course of NCLs tends to be similar and reflects neurodegeneration with varying ages of onset and rates of progression. Typical manifestations include seizures, loss of vision and locomotor function, progressive mental decline, and premature death. Whereas these diseases are similar from a clinical perspective, they are genetically diverse, and, to date, mutations in 15 different human genes may result in a diagnosis of NCL (http://www.ucl.ac.uk/ncl/ mutation.shtml). 2 The most frequently encountered and best characterized of the NCLs were originally clinically defined by the phenotypes of patients with null mutations as the classical infantile (CLN1 disease), late-infantile (CLN2 disease), and juvenile (CLN3 disease) forms, which are caused by defects in the genes encoding palmitoyl protein thioesterase 1 (PPT1), tripeptidyl peptidase 1 (TPP1), and CLN3, respectively. For brevity, we refer to these three diseases as CLN1, CLN2, and CLN3 throughout.
Treatment options for the NCLs are reaching clinical trial 3−5 with enzyme replacement therapy for CLN2 now approved, 6 and thus there is increasing need for methods to measure disease progression and response to treatment. Clinical rating scales have been developed for the NCLs 7−9 and these will play an important role, but given the time-frames associated with decline in these diseases (years to decades), these scales represent long-term options. Methods to measure short-term response to treatment should greatly facilitate clinical studies and this need may be fulfilled by robust, informative and clinically accessible biomarkers. There are no such predictive biomarkers for the NCLs at present although a recent study has identified proteins that are significantly altered in plasma. 10 We have analyzed autopsy brain and CSF samples from NCL patients and controls using orthogonal biochemical and proteomic approaches to identify potential biomarkers. In one approach, we specifically interrogate the lysosomal proteome with the rationale that LSDs are frequently associated with multiple changes in lysosomal enzyme activities that are secondary to the primary defect. The causes of such changes are generally unclear, but in many cases, they may be compensatory cellular responses to the accumulation of multiple substrates within the lysosome. There are examples of such secondary alterations in the NCLs: In brain, tripeptidyl peptidase 1 activity, 11 lysosomal acid phosphatase, 12 and other enzymes 13 are reported to be elevated in CLN3; β-glucuronidase is elevated in CLN2 13 and saposins are a major component of the storage material in CLN1. 14 Complementing targeted analysis of lysosomal proteins, we have conducted unbiased quantitative mass spectrometry studies on autopsy brain and CSF samples. We identify significant changes that may provide a basis for useful clinical markers and that may also provide important clues to the molecular mechanisms that underlie pathology in these diseases.
■ EXPERIMENTAL PROCEDURES Samples
Research protocols involving human subjects were approved by the Institutional Review Board of Rutgers University. Human cortical brain and matching CSF samples from NCL cases were obtained from The Human Brain and Spinal Fluid Resource Center (Los Angeles, CA) using previously described methods. 15 In brief, coronal brain slices were cleaned, digitally imaged, frozen in liquid nitrogen, and stored at −80°C. Postmortem ventricular CSF was drawn, centrifuged, and stored at −80°C. Average autolysis time was 14.8 h.
Genotype Analysis
Pathogenic mutations (Table 1) were determined by the Neurogenetics DNA Diagnostic Lab of Massachusetts General Hospital. Genomic DNA of each sample extracted using DNeasy kit (Qiagen, Valencia, CA) was PCR-amplified with a specific primer pair of each exon of the corresponding NCL gene. The PCR amplification was carried out using Taq DNA polymerase (Qiagen) and a standard PCR profile comprising an initial hold of 5 min at 95°C, 30 cycles of (30 s at 95°C, 30 s at 60°C, and 45 s at 72°C), followed by a final extension of 7 min at 72°C. PCR products were purified using the QIAquick Multiwell PCR Purification System (Qiagen), and purified products were sequenced bidirectionally on an ABI 3500xl capillary gel electrophoresis system (Applied Biosystems, Foster City, CA). The amplified PCR products included the entire exon and the adjacent intronic sequences. Positive mutations were identified by comparison of bidirectional sequence data against normal reference sequence and were further confirmed by independent reamplification and bidirectional sequencing from the original patient DNA.
Purification and Analysis of Man6P Glycoproteins
Frozen brain samples were powderized using a Bessman tissue pulverizer and homogenized, and proteins containing Man6P were isolated by affinity purification using bovine soluble cation-independent Man6P receptor (sCI-MPR) and prepared for mass spectrometry analysis as described. 16 In brief, cleared homogenates were applied to columns of immobilized sCI-MPR, which were washed, "mock" eluted with glucose 6phosphate/mannose to determine specificity of protein interaction with sCI-MPR, 17 then eluted with Man6P to elute glycoproteins containing Man6P phosphorylated glycans. Five micrograms of purified Man6P glycoprotein preparations was processed for mass spectrometry, and we analyzed an equivalent proportion of the total eluate of the corresponding glucose-6 phosphate/mannose eluates (e.g., if 5 μg represented 10% of the total purified Man6P eluate, then we would also analyze 10% of the corresponding glucose-6 phosphate/ 
Mass Spectrometry
Samples were routinely digested with trypsin (specificity: Arg and Lys). Preparations of purified Man6P glycoproteins and their corresponding mock eluates were analyzed using a Thermo Orbitrap Velos and analyzed, as previously described in detail. 16 iTRAQ 8-plex labeling was conducted using manufacturer's (Thermo Scientific) methods. Samples were fractionated by alkaline RP-HPLC, and ∼20 fractions were analyzed in duplicate by HCD on a Thermo Orbitrap Velos using column and gradient conditions as described. 16 For each cycle, one full MS was scanned in the Orbitrap with resolution of 60 000 from 300 to 2000 m/z and the 10 most intense peaks fragmented by HCD using a normalized collision energy of 38% and scanned in the Orbitrap from 110 to 2000 m/z with resolution of 7500.
Generation of Peak Lists
Peak lists were generated using Proteome Discoverer 1.4 with minimum and maximum precursor masses of 350 Da and 10 000, respectively, minimum signal/noise of 1.5, and no constraints with respect to retention time, charge state, or peak count.
Database Search
A local implementation of the Global Proteome Machine 18, 19 (GPM) Cyclone XE (Beavis Informatics, Winnipeg, Canada) with X!Tandem version CYCLONE (2013.09.11) was used to search mass spectrometry data against the human genome assembly GRCh37.70 (Aug 2012; 56 680 total genes, 20 447 protein coding genes). For spectral count analysis, the following search parameters were used. For protein identification and spectral counting: fragment mass error, 0.4 Da; parent mass error, 10 ppm; maximum charge, +4; one missed cleavage allowed; cysteine carbamidomethylation was a constant modification and methionine mono-oxidation was a variable modification throughout the search; tryptophan mono-and dioxidation, methionine dioxidation, asparagine deamidation, and glutamine deamidation were variable modifications during model refinement.
For iTRAQ analysis: fragment mass error, 20 ppm; parent mass error, 10 ppm; maximum charge, +4; minimum 15 peaks assigned; one missed cleavage allowed; cysteine carbamidomethylation, iTRAQ8 at lysine and N-terminus were constant modifications, methionine oxidation was a variable modification throughout the search; tryptophan mono-and dioxidation, methionine dioxidation, asparagine deamidation, glutamine deamidation, iTRAQ8 at tyrosine, and minus iTRAQ8 at lysine and N-terminus were variable modifications during model refinement.
MS data files from brain and CSF experiments were analyzed together in a MudPit analysis. Ensembl protein identifiers were converted to associated gene names to collapse multiple protein identifiers that can be assigned to the same gene. Assignments were filtered for a log GPM expectation score of −10 or better and a minimum of two unique peptides. Note that there is a small number of proteins that are labeled as "acceptable gene product assignments" with a single unique peptide. These represent cases in which a protein identifier with a single unique peptide maps, together with other protein identifiers, to a gene identifier that is represented by two or more unique peptides in total. False-positive rates for peptide identification generated by X!Tandem were 0.07 and 0.1% for the iTRAQ and spectral count studies, respectively.
Deposition of MS Data
Raw files, mgf files, GPM result files, Excel workbooks listing protein and peptide assignments, and keys for data interpretation are archived in the MassIVE (http://massive. u c s d . ed u ) a n d P r o t e o m e X c h a n g e ( h t t p : / / w w w . proteomexchange.org/) repositories: MSV000081140, spectral count analysis of purified Man6P glycoproteins; MSV000081143, iTRAQ8 analysis of brain extracts and CSF. Sample information is listed in Table S1 .
Normalization of iTRAQ Data
Total iTRAQ-8 reporter ion intensities were extracted from mgf files and corrected for crossover using custom scripts (https://github.com/cgermain/IDEAA). Note that using iTRAQ-8plex for the analysis of 14 samples required two separate experiments for each analyte (brain or CSF). With seven samples in each experiment, the remaining unused channel was used for an internal reference comprising a pool derived from all 14 samples for each analyte. Data were normalized in a two-step procedure. First, for each individual spectrum, total intensity for each reporter ion channel was normalized to the average reporter ion intensity for all assigned spectra for each sample for each experiment. This corrects for differences in labeling efficiency or the total amounts of peptide labeled with each iTRAQ reagent. Second, to allow comparison of data between experiments, ion intensities for each spectrum for each individual channel were normalized to the internal reference channel.
Statistical Analysis
Spectral Count Analysis. Protein assignments were filtered for a minimum of two unique peptides, a minimum protein log(e) score of −5, and a minimum average of 10 spectral counts for protein per sample. There were three major considerations in the analysis of spectral count data for purified Man6P glycoproteins. First, there were unequal numbers of samples per group (n = 7 for control samples, n = 3 for CLN1, n = 5 for CLN2, and n = 3 for CLN3). Second, whereas nominally equivalent amounts of each purified Man6P glycoprotein preparation were analyzed by MS, selective losses during digestion and peptide extraction result in variable total spectral counts for each sample. Third, because there are several observations in each group, we need to account for the personto-person variation within each group as well as the inherent variability in the count data. To account for these factors, we first fitted (for each protein) a binomial (logistic regression) model to the spectral counts, with the total counts across proteins as a denominator and group indicators as a basis for comparison. To adjust for the count-to-count variability, we incorporated into the binomial model an overdispersion parameter. 20 We used a base 2 logit link so that the coefficient estimates represent doubling factors of mean counts between comparison groups.
Isobaric Labeling Analysis. The goal of this analysis was to determine biological differences between control and disease samples. To reduce variability arising from sample preparation, in addition to normalizing iTRAQ data as described above, peptides were filtered for fully tryptic cleavage with no missed
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Article sites, complete iTRAQ labeling of lysines and amino termini, and a lack of posttranslational modifications deemed to increase variability (asparagine or glutamine deamidation, methionine dioxidation, tryptophan mono-and dioxidation, and isobaric labeling of tyrosine at positions other than the amino terminus). The large number of biological samples (14 NCL cases and controls) were randomly assigned to two separate iTRAQ labeling experiments. Thus for both analytes (brain and CSF), we conducted four individual experiments. For each, we compared data between the two respective experiments using a standard reference sample derived from a pool of all of the samples analyzed in both experiments. To ensure that data were acquired equally for all of the biological samples, peptide data were filtered to include only those proteins that were represented by one or more spectra in both experiments conducted for each analyte. We calculated errors for relative expression of individual proteins in each NCL (Figures 6 and 10 and Figure S3 ) using a nested analysis that accounted for variability at both the peptide and protein level as follows. For proteins with more than one peptide, a random effects model was fitted for "level" with "peptide" as a random effect and a common variance across all groups. When there was only one peptide, a linear model was used instead of a random effects model. P values were calculated using degrees of freedom based on Satterthwaite's approximation, as implemented in the "lmerTest" R package and corrected for multiple comparisons using the Bonferroni method.
Enzyme Assays
Enzyme activities were measured as described previously. 21−24 
Western Blotting
To detect Man6P glycoproteins, protein extracts were fractionated on 10% acrylamide NuPAGE gels using MOPS running buffer (Invitrogen), transferred to nitrocellulose membrane, and probed with 125 I-labeled sCI-MPR receptor as described previously. 17 Subunit c of mitochondrial ATP synthase (SCMAS) was detected by Western blotting of protein extracts fractionated by electrophoresis on 10% polyacrylamide NuPAGE gels with MES buffer using an affinity-purified rabbit polyclonal antipeptide primary 25 and AlexaFluor 488-labeled goat antirabbit secondary antibodies. STXBP1 was detected by Western blotting of brain extracts fractionated by electrophoresis on 10% polyacrylamide NuPAGE gels with MOPS buffer followed by transfer on a PVDF membrane and incubation with rabbit polyclonal STXBP1 primary antibody (ThermoFisher) and AlexaFluor 633-labeled antirabbit secondary antibodies (ThermoFisher).
Gel Quantitation
Radioactive or fluorescent signals in blots were detected by using a Typhoon scanner (GE Healthcare) and quantified by using ImageQuant 5.2 (Molecular Dynamics).
■ RESULTS AND DISCUSSION

Experimental Strategy
Our overall experimental approach is summarized in Figure 1 . We analyzed 14 sets of matched human brain and CSF autopsy specimens from NCL patients and unaffected controls as well as four additional control brain specimens. Note that there is various nomenclature for the NCL diseases including infantile, late-infantile, and juvenile NCL for PPT1, TPP1, and CLN3 deficiencies, respectively. We have chosen to avoid clinicalbased nomenclature given the overlap in presentation between the diseases, especially where hypomorphic mutations result in late-onset, slowly progressing phenotypes. Instead, we use CLN1, CLN2, and CLN3 throughout to refer to PPT1, TPP1, and CLN3 deficiencies, respectively. Specimens represented controls and cases diagnosed with NCL based on clinical criteria (Table 1 ). While information regarding individual clinical progression was not available, note that patients with each CLN2 and CLN3 disease died at ages that were consistent with typical clinical expression rather than late onset/slow progression seen in patients with hypomorphic mutations. The two CLN1 patients studied survived for longer than is typical with this disease (∼10 years), which is consistent with the presence of hypomorphic mutations T75P and G250V in the gene encoding PPT1. 26 HSB# 3616 was obtained with a diagnosis of CLN2, but enzyme assay and proteomic analysis of purified Man6P glycoproteins revealed normal levels of TPP1 but deficiencies in PPT1. Genetic analysis revealed mutations in PPT1, and thus this case was reclassified as CLN1 ( Table 1) . All NCL gene mutations were reported previously. (http:// www.ucl.ac.uk/ncl/mutation.shtml), except for the PPT1 Q207X nonsense mutation. Note that there is variability in autolysis time between the samples (Table 1 ). This is inherent to autopsy samples and cannot be avoided: Moreover, analysis indicates that, other than a marginally significant difference in autolysis time between CLN2 and CLN3 (p = 0.024), we find no significant differences between the groups that could potentially influence data ( Figure S1A ).
Our goal was to identify pathophysiological changes associated with brain disease that are specific to or shared by three different NCLs as well as to identify potential biomarkers that could be exploited clinically. We initially focused on lysosomal enzymes because these are known to be altered in many LSDs. Lysosomal proteins are normally intracellular but also are secreted into the CSF. 27 In addition to assaying a wide range of lysosomal activities, we also measured the spectrum of glycoproteins that contain Man6P, a modification used for targeting soluble lysosomal proteins to the lysosome. For the latter, we conducted SDS-PAGE and blotting for both brain and CSF, and for brain, where there was sufficient material available, we also analyzed affinity-purified Man6P glycoproteins by LC−MS/MS. We also analyzed SCMAS, a known storage material in several NCLs. Finally, we conducted a broad proteomic survey of both brain and CSF using isobaric labeling and multidimensional LC−MS/MS. 
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Article Because these are diseases of childhood, it is not possible to obtain autopsy samples from age-matched, healthy control individuals. As a result, there is a significant difference in ages between the controls and NCL cases ( Figure S1B ). For NCLspecific changes, our inability to age-match controls does not affect conclusions because comparisons are drawn not only against the controls but also against the other NCL diseases. However, when we consider protein expression changes that are detected in all three diseases, we cannot exclude systematic age-related changes. Given that there is a compelling clinical need for biomarkers in these diseases and that there has been no comprehensive proteomic study of the NCLs to date, we decided to proceed using the available control cases. However, this is an important caveat, and as a result, the data set outlined here should be regarded as an initial starting resource for further validation studies in clinical cohorts or animal models.
Lysosomal Enzyme Activities
In an initial analysis of lysosomal changes in the NCLs, we measured the activities of a range of lysosomal enzymes in NCL Figure 2 . Relative lysosomal activities in NCL brain autopsy samples. Upper panel: Fold change is the average enzyme activity for each NCL normalized to the average control activity. Asterisks indicate significantly different from control (p ≤ (0.05/23), that is, Bonferroni correction for false discovery rate from multiple comparisons). Gene names, enzyme name, and substrate were as follows: AAP, alanine aminopeptidase (a nonlysosomal control activity), Ala-AMC; ACP, total acid phosphatase (ACP2 and ACP5), 4MU-phosphate; CTSB, cathepsin B, Z-Arg-Arg-AMC; CTSC, cathepsin C/dipeptidyl peptidase 1, Gly-Arg-AMC; CTSH, cathepsin H, Arg-AMC; CTSL, cathepsin L, Z-Phe-Arg-AMC-(Z-Phe-Arg-AMC + Z-Phe-Phe-CHN2); DPP7, dipeptidylpeptidase 2, Lys-Ala-AMC; FUCA1, α-fucosidase, 4MU-alpha-fucoside; GAA, α-glucosidase, 4MU-alphaglucoside; GBA, glucocerebrosidase, 4MU-beta-glucoside; GLB1, β-galactosidase, 4MU-beta-galactoside; GUSB, β-glucuronidase, 4MU-betaglucuronide; HEX total, hexosaminidase total, 4MU-2-acetamido-2-deoxy-beta-D-glucopiranoside; HEXA, hexosaminidase A, 4MU-2-acetamido-2deoxy-6-sulfo-beta-D-glucopiranoside; LGMN, legumain, Z-Ala-Ala-Asn-AMC; LIPA, acid lipase, 4MU-oleate* or 4MU-palmitate**; MAN2B1, αmannosidase, 4MU-alpha-mannoside; MANBA, β-mannosidase, 4MU-beta-mannoside; NAGA, α-N-acetylgalactosaminidase, 4-MU-2-acetamido-2deoxy-alpha-D-galactopiranoside; NAGLU, α-N-acetylglucosaminidase, 4MU-alpha-N-acetyl-glucosaminide; PPT1, palmitoyl protein thioesterase 1, 4MU-6-thiopalmitoyl-8-glucoside; TPP1, tripeptidylpeptidase 1, Ala-Ala-Phe-AMC. Lower panel: Correlation between average activity in each NCL normalized to the average control activity. Black line, linear regression of log 2 -transformed enzyme assay data; gray line, x = y. Note that TPP1 and PPT1 are excluded from correlation plots.
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Article cases and unaffected controls in brain and CSF ( Figure 2 ). The rationale was that lysosomal alterations observed in brain that are secondary to the primary defect may translate to the CSF.
In brain, the most marked changes were observed with the CLN3 samples, where 13 of the 23 measured lysosomal enzymes were >1.5 fold higher than average control that was statistically significant (i.e., P ≤ 0.05 with Bonferroni correction for multiple comparisons). These included PPT1 and TPP1, which were elevated 2.7 and 2.0 times, respectively, while DPP7, NAGA, and NAGLU were elevated >3.5-fold. While there were fewer enzymes elevated in CLN1 (five significantly elevated >1.5-fold) compared with CLN3, activities that were increased were elevated to a greater magnitude (on average 3.9fold compared to control), including TPP1, which was increased 5.7 fold. As expected, PPT1 was extremely low, and GBA was significantly decreased. There were relatively few changes that reached statistical significance in CLN2, but GBA was significantly decreased and TPP1 was absent, as expected, while CTSL and HEXA were both elevated ∼2-fold. AAP (alanine aminopeptidase), a nonlysosomal control, was unaltered in NCL samples compared with controls. Changes in enzyme activities tended to be similar between the different NCLs ( Figure 2 ) with the greatest correlation found between CLN2 and CLN3 (r 2 = 0.7036). In general, GBA was consistently decreased, whereas CTSC and DPP7 were elevated.
Some lysosomal activities were detectable in the patientmatched CSF samples ( Figure S2 ), but no significant changes were detected in NCL samples compared with controls. There was considerable sample-to-sample variability in enzyme assay data from CSF ( Figure S2 ), probably reflecting differences in enzyme stability under different collection and processing conditions as well as with the duration and type of storage. Thus we have used additional approaches to measure the amounts rather than activities of proteins in NCL and control samples.
Subunit c of Mitochondrial ATP Synthase (SCMAS)
SCMAS is a small hydrophobic protein that is a major component of the storage material in CLN2, CLN3, and other NCLs, but not CLN1. 28, 29 We investigated whether SCMAS might provide a useful readout on disease given that its storage can be reduced in brain in an NCL animal model by effective treatment. 30, 31 As expected, immunoblotting of extracts from the autopsy brain samples ( Figure 3 ) indicated that SCMAS was slightly elevated in CLN3 but markedly and consistently increased in CLN2. In CLN1, SCMAS appeared to be somewhat decreased compared with controls, but this may reflect the age difference between the controls and CLN1 patients ( Table 1) .
SCMAS is detectable in the urine of NCL patients, 32, 33 and its presence in this extracellular fluid suggested that it could be similarly detectable in CSF. By Western blotting, SCMAS was not detectable in CSF samples from normal controls or CLN1 (Figure 3 ) but was clearly detectable in four out of five CLN2 samples. However, there was considerable sample-to-sample variation that did not correspond with the levels that were detected in brain ( Figure 3 ). For example, SCMAS was strikingly elevated in CSF from CLN2 HSB#4133 but undetectable in HSB#3235. Overall, SCMAS may be a good candidate CSF biomarker for follow-up studies in patients. 
Man6P Glycoproteins
Most newly synthesized soluble lysosomal hydrolases and accessory proteins contain Man6P, a specific carbohydrate modification that is recognized by Man6P receptors (MPRs) that target these proteins to the lysosome. Purified sCI-MPR can be used for the visualization 34 or affinity isolation 35, 36 of Man6P containing proteins.
We conducted blotting experiments to measure Man6P glycoprotein levels in brain samples from the various NCL samples and controls ( Figure 4A ). The purpose of this experiment was two-fold. First, this analysis allowed us to determine whether there were any gross alterations in the expression of Man6P glycoproteins and hence lysosomal proteins, associated with disease. Second, this allowed us to determine the relative levels of Man6P glycoproteins in each sample, which provides useful information in the interpretation of proteomic analyses (see below). In an previous study, 13 we found characteristic changes in the expression of Man6P glycoproteins in brain samples from various NCL cases.
In terms of total levels of Man6P glycoproteins, we find a ∼3fold increase in the CLN1 and CLN2 samples and ∼9-fold increase in the CLN3 samples compared with control ( Figure  4A ), which is consistent with previous results. 13 When the blots are probed in the presence of free Man6P, little signal is detected, confirming that each band represented a Man6Pcontaining glycoprotein (data not shown 13 ). In most of the CLN2 samples, a prominent band of ∼45 kDa was missing, which corresponds to the mature processed form of TPP1. 37, 38 In CLN2 case HSB#4128, significant levels of the band corresponding to TPP1 were observed. Presumably, this reflects the expression of stable but inactive protein from the allele containing the missense mutation Asp276Val.
Man6P glycoproteins are present in CSF at low but detectable levels ( Figure 4B ). There were no significant differences among the control, CLN1, and CLN3 groups. Total levels in the CLN2 samples appeared somewhat diminished, but this likely reflects loss of the prominent band corresponding to TPP1. Overall, in the analysis of either brain or CSF, there were no striking qualitative differences in the patterns of Man6P glycoproteins detected in the NCL samples compared with controls, with the exception of the band corresponding to TPP1 in most CLN2 samples.
Relative Quantitation of Lysosomal Man6P Glycoproteins in NCL Samples
We purified Man6P-containing glycoproteins from the brain samples and determined relative expression levels in NCL and control cases by spectral count analysis of mass spectrometry data. It is worth noting that we analyzed equal amounts of purified Man6P glycoproteins from each sample and thus measured relative rather than absolute amounts. For example, total levels of brain Man6P glycoproteins appear to be elevated in the NCL samples compared with controls ( Figure 4A ), although we cannot discount the possibility that there may be differences in the affinity of individual proteins for the radiolabeled sCI-MPR probe. We do not attempt to correct for such potential differences; therefore, our approach is conservative and likely underestimates the magnitude of absolute changes. However, the approach should detect proteins that are selectively enriched or depleted in the purified mixture.
Brain extracts were applied to a column of immobilized sCI-MPR, which was then washed, mock-eluted with mannose and glucose 6-phosphate, and then specifically eluted with Man6P. Quantitative comparison of protein levels in the mock versus specific eluate provides a useful measure of the specificity of purification, helping to distinguish true Man6P glycoproteins from contaminants. 16, 39 This was achieved for each protein by calculating the ratio of counts in the specific versus mock eluates and the upper and lower 95% confidence indices for the ratio (Table S2 ). In aggregate analysis of all samples, 62 known lysosomal Man6P glycoproteins met our criteria for protein assignment (Table S2) , and all were significantly elevated in the specific versus mock eluate, with a minimum enrichment (i.e., a lower 95% confidence index) of ∼3.2 for CTSH. In addition, 128 other proteins were also identified that were significantly elevated in the specific versus mock eluates. Of these, 83 proteins were enriched to the same or greater extent than the lowest observed for a known Man6P lysosomal protein (CTSH). These proteins may represent novel human Man6P glycoproteins that may or may not have lysosomal function. Alternatively, they may be contaminants or other proteins that copurify in association with true Man6P glycoproteins. For example, cytosolic protease inhibitors (e.g., cystatins) may bind to lysosomal proteases during preparation of sample homogenates and specifically copurify with these bona fide Man6P glycoproteins.
Significant alterations in the relative levels of known lysosomal Man6P glycoproteins were observed in the preparations from all three NCL diseases (Table S3 , Figure  5A ). Most changes were observed in CLN1, with elevated NPC2 and decreased PLD3 being particularly marked. In CLN2, and CLN3, there were fewer alterations, and these were typically of a lower magnitude than observed in CLN1, although there was a large decrease in NAAA (N-acylethanol- 
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Article amine-hydrolyzing acid amidase) in CLN2. Some changes were observed in more than one NCL ( Figure 5B ). For example, GUSB was elevated in all, whereas HEXA, ARSA, SGSH, and NAAA were all altered in both CLN2 and CLN3. Other than GUSB, no significant changes found in CLN1 were found in CLN2 or CLN3. (ASAH1 was altered in both CLN1 and CLN2 but elevated in the former and decreased in the latter.) This suggests that there may be similarities between CLN2 and CLN3 diseases at the lysosomal protein level, and this was supported when average changes were compared between the different diseases ( Figure 5C ). There is little or no correlation between changes in CLN1 and either CLN2 (r 2 = 0.0225) or CLN3 (r 2 = 0.2110), while changes in lysosomal protein levels were better correlated between CLN2 and CLN3 (r 2 = 0.5589).
We compared quantitative data for lysosomal proteins measured by enzyme assay with spectral counting in purified Man6P glycoprotein preparations ( Figure S3 ). Changes compared with controls tended to be of a lower magnitude when measured by enzyme assay, but there was some correlation between data obtained using the different methods, with r 2 values of 0.319, 0.225, and 0.353 for CLN1, CLN2, and CLN3 respectively. It is not clear why the correlations between activity and protein measurements in the three NCLs are so modest, but one possibility is that this may reflect changes in cellularity in the NCL brain, where gliosis accompanies neurodegeneration. Note that in most cell types other than neurons, the Man6P marker is rapidly removed from lysosomal proteins by acid phosphatase 5 40 after targeting to the lysosome, so total activity of a given lysosomal protein may not necessarily correlate with the amount of the Man6Pcontaining form, even if both forms have the same specific activity. Figure 5 . Identification and quantitation of proteins identified in Man6P preparations from human brain. Man6P glycoproteins were isolated from NCL and unaffected control brain samples, analyzed by LC−MS/MS and relative quantitation conducted by spectral counting. (A) Point estimate and 95% confidence limits for ratio of spectral counts in Man6P eluate/mock eluates, combining spectral count data from all samples. Analysis was restricted to proteins with a minimum sum of 10 spectral counts (Table S3 ). (B) Volcano plots for enriched proteins. Fold change is the ratio of average NCL to average control after normalization for total spectral counts per sample. Dashed line indicates threshold for significance using Bonferroni correction for multiple comparisons (i.e., 0.05/total number of proteins measured). Proteins are filtered for a minimum of 10 spectral counts per sample and contaminants are excluded. (C) correlation between changes in relative levels of known lysosomal Man6P glycoproteins between the three NCLs.
Article In addition to lysosomal proteins and other known Man6P glycoproteins, the affinity purified preparations contain numerous other proteins that have not been reported to contain Man6P that are specifically eluted from the affinity column with Man6P. In CLN2, ATP5A1 and RTN4IP1 are greatly decreased or absent compared with control. However, when we measure ATP5A1 in homogenates from human brain samples, we do not detect any significant decrease in total amount of this protein ( Figure S4 ). It is possible that ATP5A1 or RTN4IP1 copurify in association with TPP1 and hence their absence in the Man6P glycoprotein preparations from the CLN2 samples. SUMF2 (sulfatase-modifying factor 2) and FTH1 (ferritin) were decreased in Man6P glycoprotein preparations from all three NCLs. SUMF2 was previously shown to contain Man6P. 41 
Validation of Quantitative Proteomic Analysis of Brain Extracts and CSF
Complementing the focused analysis of lysosomal proteins isolated from brain samples, we also analyzed total proteins in brain and CSF samples using isobaric labeling, followed by 2D LC−MS/MS. The complete data set is shown in Table S4 . Results were validated in two ways.
First, we compared quantitative data obtained from enzyme assay with protein measurements obtained by isobaric labeling using proteins that were common to both data sets. We find correlation (r 2 = 0.4364) with determinations made using the two different methods ( Figure 6A ). However, it is worth noting that the magnitude of isobaric labeling measurements (increase or decrease) was less than observed with enzyme assay. While activity does not always reflect protein levels (e.g., an enzymatically inactive mutant protein may be stable and detectable by MS, for example, see comments regarding TPP1 in sample HSB# 4128), the lower magnitude of change measured from the MS data likely arises from ratio compression associated with iTRAQ and other isobaric labeling approaches. 42 Given the complexity of both samples examined here (whole brain extracts and CSF), we investigated the degree of ratio compression by including a bacterial standard (DrR57) added at different amounts to each sample ( Figure  S5 ). For both brain and CSF, there is a strong linear relationship for measured intensities, but there is clearly some ratio compression (note the divergence of linear regression plots for brain and CSF from the ideal). Taken together, this indicates that isobaric-label MS can detect changes in protein abundance, but the magnitudes of change (increase or decrease) are likely to be underestimates.
Second, in addition to the individual defective proteins in each NCL (PPT1, TPP1, and CLN3 in CLN1, CLN2, and CLN3, respectively), there are several proteins that previous studies have demonstrated to be elevated or decreased in brain. As a further validation of the quantitative MS, levels of each of these proteins have been evaluated individually in the control and NCL samples. For TPP1 (Figure 6B ), levels were reduced in the CLN2 samples as expected. However, it is worth noting that in one sample (HSB# 4128) levels of TPP1 were not diminished to the same extent as the other samples. This is consistent with blotting ( Figure 4A) where a Man6P glycoprotein corresponding to TPP1 was retained in this case. TPP1 was elevated in CLN3 ( Figure 6B ), as previously reported in a mouse model. 11 PPT1 was reduced in CLN1 ( Figure 6B ) but only to ∼70% of levels detected in control samples. This again may reflect the synthesis of an inactive but stable protein from one of the pathogenic alleles (T75P). As previously demonstrated (Figure 3) , as a major component of storage material, ATP5G1 was highly elevated in CLN2 and also in CLN3 albeit to a lesser degree ( Figure 6B ). PSAP is a known component of the storage material in CLN1 14 and is highly elevated compared with control samples when quantified by MS ( Figure 6B ). Although not a component of storage material but instead reflecting glial activation, GFAP is elevated in CLN2 43 and other NCLs, and, consistent with this, quantitative MS analysis indicates that levels in the NCL samples are elevated compared with controls. Taken together, the strong correlation between quantitative MS and functional assay data and the detection of specific changes in brain that are predicted from previous studies provide strong validation of the MS-based approach and provide confidence in the interpretation of previously unrecognized protein expression changes in NCL samples.
Disease Specificity of Altered Protein Expression
In Figure 7 , protein expression in brain and CSF samples was analyzed using volcano plots, a scatter plot to compare magnitude of change with probability of significance. It is interesting to note that in each disease compared with controls, levels of known lysosomal proteins are not particularly elevated compared to other proteins, with the exception of PSAP in CLN1. For both brain and CSF, there is a strong correlation between changes in protein levels relative to controls for each of the three NCLs (Figure 8 ).
Proteins That Are Significantly Altered in All Three NCL Diseases
When proteins that are significantly altered are compared in the three NCL diseases ( Figure 9A ), we found significant overlap in brain, and, to a lesser degree, CSF. In brain, out of a total of 2553 significantly altered proteins in one or more of the three diseases, 392 (∼15%) were altered in all three NCLs. In CSF, out of a total of 469 significantly altered proteins in any of the three diseases, 18 (∼4%) were altered in all three NCLs. To investigate whether this overlap was biologically significant or whether it simply represented a stochastic intersection of the data sets reflecting the large number of proteins analyzed, we compared the direction and magnitude of changes between the three NCLs in CSF ( Figure 9B ). We found that the magnitude of changes for the subset of proteins that were altered in all three NCL diseases was extremely well correlated in both brain and CSF: When the magnitude of change in CSF is examined for individual proteins, all except one of the 18 common proteins are altered in a similar direction (i.e., increased or decreased) and to a similar magnitude. These data are consistent with the overall correlations detected between the NCLs (Figure 8 ) and indicate that proteins that are altered in all three NCLs likely reflect a uniform response to neurodegeneration, which may be NCL-specific or may more broadly reflect neurological disease. As previously discussed, it is also possible that changes observed in all three NCLs compared with controls reflect the inability to age-match control samples. Most (17/18) of such proteins were not identified in previous studies of age-dependent changes in the CSF proteome. 44, 45 The one protein that was reported to show age-related changes 
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Article in CSF expression (KLK6) was actually decreased with normal aging, while our data indicate that it is higher in the older controls than younger NCL cases.
Alterations in Brain
In brain, we detected a large number of significant changes, but most were of modest magnitude. The greatest number of significant changes of more than 2-fold elevation or decrease compared with control samples were detected in CLN1, where out of 3678 proteins quantified, 1165 were significantly altered and 174 were altered by 2-fold or more. For CLN2, similar analyses indicated 853 significantly altered with 26 ≥ 2-fold, and for CLN3, 535 significantly altered with 10 ≥ 2-fold.
For CLN1, two proteins were markedly elevated compared with controls, and these were consistent with previous studies: PSAP (elevated 4.6-fold) is a well-characterized component of the INCL storage material, 14 and levels of GFAP (elevated 3.6fold) also increase in INCL. 46 Detection of elevated PSAP and GFAP in INCL was expected, but these observations provide a further validation of our analytical approaches (see above). Many proteins were decreased in CLN1 brain, but two of particular interest are STXBP1 and STX1B, which were both decreased to ∼0.4-fold of control levels, which is likely an underestimate of the actual decrease (see earlier comments above regarding reporter ion ratio compression). A recent report 47 indicates that haploinsufficiency for STX1B is associated with myoclonic epilepsy, while mutations in STXBP1 are associated with various neurodevelopmental disorders including epilepsy and intellectual disability. 48 The clinical phenotypes associated with STX1B and STXBP1 bear some similarity with NCL diseases, raising the intriguing 
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Article possibility that, for CLN1 at least, disease may partly reflect decreased expression of these two proteins. Western blot analysis ( Figure 10 ) confirms reduced levels of STXBP1 in CLN1 brain (see below).
Alterations in CSF
One of the major goals of this study was to identify potential biomarkers in CSF that may reflect NCL disease. Tables 2−4 summarize proteins that are altered by >2.5-fold compared with controls in CSF samples from the three NCL diseases.
As discussed above, there were a number of proteins that were significantly altered in all three NCLs that may be generally related to neurodegeneration ( Figure 9B ). MB (myoglobin) was highly elevated in CLN1 and CLN2 (∼9 and 5-fold, respectively) and in CLN3 to a lesser degree that did not reach significance (1.7 fold). The significance of MB in the CSF and its elevation in the NCLs is unclear. One possibility is that, as a consequence of muscle wasting in the bed-bound NCL patients, serum MB levels may be elevated, 
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Article and this is reflected in the CSF. Another protein that was markedly elevated in the three NCLs (∼3-to 4-fold) was cellular retinoic acid binding protein 1 (CRABP1). CRABP1 is elevated in CSF in the progressive cerebrovascular disorder, Moyamoya disease, 49, 50 and is expressed within neurons. 51 Other proteins that were markedly elevated in CSF from NCL cases include ALDH1A2 and COL14A1, which were, on average, ∼5 and ∼3 times higher in the NCLs compared with controls. Several number of proteins were consistently downregulated in NCL CSF, including myelin-associated glycoprotein (MAG). Changes in MAG expression are potentially very relevant given the central role played by MAG in axonal regeneration and are worth further investigation in the NCLs. Carnosine dipeptidase 1 (ENSP00000457200), which is reduced in several progressive neurological disorders, 52 reviewed in ref 53 , was also consistently lowered in NCL CSF samples.
Other changes appeared to be NCL-specific. One of the most highly elevated proteins in CLN1 CSF was REG3A, which was increased ∼7-fold compared with controls. REG3A was previously shown to be transcriptionally regulated after peripheral nerve inflammation or injury, 54, 55 which is consistent with elevated levels in CLN1. STXBP1 was reduced in CLN1 CSF, as observed in brain (see above). A particularly interesting observation in CLN2 and CLN3 was that calbindin1 (CALB1) was highly elevated (∼7-and 4-fold, respectively). CALB1, a calcium-binding protein that is relatively highly expressed in the cerebellum, has long been proposed as a potential biomarker for diseases with cerebellar involvement. 56 CALB1 is highly elevated in CSF from Niemann-Pick type C1 disease patients and can be lowered by effective treatment. 57 Our data suggest that it may also be of value in following disease progression in CLN2 and CLN3.
■ CONCLUDING REMARKS
The current lack of methods to evaluate short-term efficacy of treatment is a significant problem in the design and interpretation of clinical studies for the NCLs. In this study, we have used both biochemical and proteomic methods to identify candidate biomarkers in the three most frequently encountered of the NCL diseases. As a general conclusion, it is worth noting that we consistently observed a greater correlation between biochemical and proteomic changes in CLN2 and CLN3 versus either compared with CLN1. This is consistent with the common accumulation of SCMAS in both diseases and may be suggestive of common pathological pathways. Moreover, whereas the NCLs are generally considered as a group of related lysosomal diseases with common clinical and pathological features, the relative lack of concordance between CLN1 and the other two NCLs strongly suggests that at the cellular level these diseases may be quite dissimilar. For each NCL, we compared the magnitude of change for proteins that were significantly altered in both brain and CSF. Overall, the degree of correlation was not high between the two analytes ( Figure 11 ), indicating that disease-related changes in brain are not necessarily reflected in the CSF. For example, GFAP was highly elevated in all three NCL brain samples, but in CSF, GFAP was detected at levels that were similar to or lower than the control samples. Other examples where proteins are altered significantly but in different directions are highlighted in Tables 2−4. The overall lack of concordance between NCL-related changes in brain and CSF may reflect the fact that most of the proteins found within the CSF are derived from the plasma, with only ∼20% being derived from the brain itself. 58 In addition, while the brain analysis was conducted on a homogenate representing all cell types, brain-derived CSF proteins are thought to be secreted from the cells of the choroid plexus and also originate from parenchymal interstitial fluid, and thus they may not proportionately represent all cells of the organ. It is interesting to note that in nearly all cases where the direction of change was different between brain and CSF, elevated levels in brain were associated with decreased levels in the NCL CSF samples. For PSAP in CLN1 and possibly other proteins, this could reflect intracellular sequestration within insoluble storage material. Regardless, despite the overall lack of correlation between brain and CSF, there are proteins that are elevated similarly in both samples, suggesting that they are brain-rather than plasma-derived. Whereas this provides some rationale for continued evaluation of brain for discovery-based studies applicable to the CSF, the ability to distinguish the CSF proteome of brain-secreted versus plasma-derived proteins would provide a useful tool in evaluating future studies. This may be achieved by concomitant analysis of both CSF and blood samples.
Given the rarity of the NCLs, the intrusive nature of sample collection, and the fact that these diseases primarily affect children, CSF from living NCL patients and healthy, agematched controls are not available, necessitating our use of post-mortem samples. There are considerations that must be borne in mind when analyzing data obtained from autopsy CSF (reviewed in ref 59) , particularly with respect to protein composition and concentration that can change after death. 60−63 For example, the measured CSF protein concentrations were outside the range normally found in living subjects ( Figure S6 ). 64 There are two main areas of concern. First, blood contamination is a general concern with ante and post-mortem CSF given that minor levels of contamination can have dramatic effects given the low protein concentration of CSF compared with blood. We have examined the CSF samples used in this study for established blood markers (HBB, PRDX2, and CAT 65 ) ( Figure S7 ), and whereas there is evidence for blood contamination in two samples (CLN1 HSB#3672 and CLN2#3791), most samples appear to have relatively similar levels of blood markers. Moreover, there is no correlation between disease status and blood contamination. Thus blood contamination may contribute to intrasample variability but does not appear to be a source of systematic changes. Second, post-mortem cell lysis within the CNS could potentially introduce intracellular proteins into the CSF that would not normally be observed in a living subject. Whereas there is little evidence of systematic differences in autolysis time ( Figure  S1A) , we investigated the levels of three proteins that are elevated in post-mortem CSF, presumably reflecting cell lysis (GSTP1, YWHAB, and CAPS 62 ) ( Figure S8 ). Levels of GSTP1 and YWHAB were relatively similar in all brain samples but were elevated in some CSF samples, notably controls #3565 and #3589 and CLN2 #3235. Similar to GSTP1 and YWHAB, CAPS was elevated in control #3589 and CLN2 #3235 CSF samples but was similar in most brain samples but elevated notably in CLN1 #3616. From these data, we conclude that post-mortem release of cellular proteins is not NCL-related therefore does not exert any systemic influence on the data. Moreover, it is also worth noting that there is no correspondence between levels of SCMAS in CSF ( Figure 3 ) and markers of cell lysis: CLN2 #3235 had high levels of the three cell lysis markers but had no detectable SCMAS. Third, it should be borne in mind that our studies on autopsy samples have been conducted at a single time point, the conclusion of the disease process. Proteomic changes of interest may thus simply reflect disease and as such, depending on treatment approach, may not necessarily be useful biomarkers for following disease progression and response to treatment. Longitudinal studies will therefore be required to evaluate the value of any candidate biomarkers.
Brain tissue is obviously not a suitable biological sample for following progression of disease and response to treatment. However, in the future, CSF will be available from NCL patients with the advent of enzyme replacement and gene therapy trials and will be free of the potential caveats associated with autopsy samples. This is a relatively accessible biological sample that will be an excellent resource for more extensive discovery-based analysis as well as further investigation of candidates identified here, although obtaining age-matched control CSF will continue to be difficult or impossible for these pediatric diseases. While validation in humans will be necessary, the use of animal models for the NCLs could circumvent such issues and will also allow for time-course studies to monitor the response of potential biomarkers to disease progression and to effective therapy.
■ ASSOCIATED CONTENT
* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jproteome.7b00460. Figure S1 . Analysis of clinical variables for NCL cases and controls. Figure S2 . Relative lysosomal activities in NCL CSF samples. Figure S3 . Quantitative comparison of lysosomal proteins measured by enzyme assay and spectral count analysis of purified Man6P glycoprotein preparations. Figure S4 . Relative abundance of ATP5A1 and RTN4IP1. Figure S5 . Measured versus observed levels of DrR57 bacterial internal standard. Figure S6 . CSF protein concentrations. Figure S7 . Blood markers in CSF. Figure S8 . Cell-lysis markers in CSF. Figure S8 . Cell-lysis markers in CSF. (PDF) Table S1 . Key for iTRAQ analysis. Table S2 . Statistical analysis of relative protein abundance in specific and mock eluates. Table S3 . Spectral count analysis of purified Man6P glycoprotein preparations. Table S4 . iTRAQ analyses of brain and CSF. (XLSX) 
